INTRODUCTION
Bowhead whales Balaena mysticetus were once common in the Arctic and Subarctic Seas until they were severely depleted by commercial whaling. Currently, 4 different bowhead whale subpopulations are recognized based on their geographic distribution: (1) Bering-Chukchi-Beaufort Seas; (2) East Canada-West Greenland (3) East Greenland-SvalbardBarents Sea; and (4) Okhotsk Sea (Cooke & Reeves the Greenland, Barents, and Kara Seas. The preexploitation abundance based on catch data has been estimated between 24 000 and 100 000 whales (Allen & Keay 2006) . They were the first Arctic whale species to be exploited by whalers around Spitsbergen (Svalbard) in 1611 (Ross 1993 , Allen & Keay 2006 . Within the Northeast Atlantic alone, an estimated 91 000 whales were harvested (Ross 1993) , which depleted the Svalbard subpopulation to near extinction, and its current status is regarded as Endangered according to the IUCN (Cooke & Reeves 2018) .
There is no quantitative estimate of the current Svalbard subpopulation size. During the second half of the 20th century, bowhead whales were infrequently observed in the former range of the Svalbard subpopulation, and the majority of sightings were made in the Svalbard-Franz Josef Land area (Moore & Reeves 1993) . These Franz Josef Land records included 2 quite large winter aggregations, one of several tens and the other of about 66 whales in 1983 (Belikov et al. 1989 ). The Svalbard subpopulation has been reported to be very small (Wiig et al. 2010 ) with estimates of a 'few tens' reported between 1987 and 1989 (Christensen et al. 1992) . Wiig et al. (2010) summarized 46 sightings of bowhead whales from Svalbard (between 1940 and ). Most observations involved 1 or 2 whales, but 1 group of at least 7 whales was observed in 2006. In the Greenland Sea, very few bowhead whales were recorded during 1940−2004 (Gilg & Born 2005) . That study documented 23 sightings, including one probable sighting of 10 individuals in 2003. Seven sightings (totalling 20 whales) were reported in the Greenland Sea in April 2006 (Wiig et al. 2007 ). Thirteen sightings (totalling 17 bowhead whales) were recorded during extensive ship-and aircraft-based surveys off Northeast Greenland (summers of 2006 (summers of −2008 (summers of , Boertmann et al. 2009 ).
Recent studies have collectively suggested that the Svalbard subpopulation seems to be increasing (Joiris 2012 , Boertmann et al. 2015 , Vacquié-Garcia et al. 2017 . During aerial surveys for the walrus Odobaenus rosmarus in Northeast Greenland in August 2009 (in an area known as the Northeast Water Polynya), Boertmann et al. (2015) Svalbard and Greenland) show that bowhead whales use this as a wintering ground, with probably more whales in this (Svalbard) subpopulation than previously thought .
Whaling records have provided some historic background regarding the seasonal migration of bowhead whales (Moore & Reeves 1993 , Lydersen et al. 2012 . These records highlighted that those whales hunted in waters northwest of Svalbard (adult males and females without calves), migrated southwestward by late spring (in April and May) towards East Greenland, while others moved north from Svalbard into the receding pack ice. Recently, a satellite tracking study of a female bowhead whale between April and December 2010 showed a migration route consistent with the migration patterns based on early whaling records (Lydersen et al. 2012) .
During annual expedition cruises carried out in June (2015−2018) by commercial tour operators (Oceanwide Expeditions and Inezia Tours), bowhead whale sightings were recorded in the western Fram Strait. Observations of bowhead whales from the Fram Strait are of considerable interest given the status of this Endangered subpopulation. Here we describe the group composition of bowhead whales, their behaviour and their association with sea ice and bathymetric features. Finally, the 2018 cruise results are used to estimate indices of abundance (number of whales per km unit of effort).
MATERIALS AND METHODS

Study area
Since 2014, commercial operator Inezia Tours has chartered polar expedition operator Oceanwide Expeditions to undertake annual wildlife expeditions in late May/June from the Netherlands, via Fair Isle and Jan Mayen to Svalbard, crossing the Greenland Sea and visiting the edge of the pack ice in the western Fram Strait (Fig. 1) . The expedition cruise-vessel, the 89 m long MV 'Plancius', offers outside viewing points from several decks. The majority of sightings were typically made from the outside bridge-wings (13 m above sea level). In 2018, systematic observations were carried out from the bridge-wings and the forward deck (10.4 m above sea level).
No bowhead whales Balaena mysticetus were encountered in 2014. The MV 'Plancius' took a more westerly route in 2015, covering the steep slope waters of the Western Fram Strait, where on 8 June 2015 the first bowhead whales were observed. In 2016−2018, the cruise re-visited this general area, and bowhead whales were observed in each of these 3 yr.
Opportunistic observations
In 2015, the estimation for the total number of bowhead whales encountered was based on observations made by 7 experienced whale watching specialists (including G. Nijs). These experienced observers in dependently counted the number of whales surrounding the vessel during several point counts. Photographs were taken and GPS positions were obtained from the vessel's GPS (Furuno RD-30). During the 2016−2017 cruises, observers (M. de Boer, H. Verdaat, N. Janinhoff -all experienced with carrying out cetacean line-transect surveys in Europe and the high Arctic) recorded each bowhead whale sighting, together with details on environmental conditions. Photographs were taken of each encounter, and a GPS position was obtained every minute using a Garmin GPS (GPSMAP76CSx).
Effort-corrected observations
In 2018, systematic (effort-corrected) watches were carried out by 3 dedicated observers (M. de Boer, H. Verdaat, N. Janinhoff), with one covering portside, one covering starboard and one on break. Whilst on watch, the following data were collected: vessel position, vessel course, vessel speed, swell height (low ≤ 2 m, medium 3-4 m, and large > 4 m), visibility (estimated by eye: poor < 1 km, moderate 1-5 km, and (6) open water (0−10%). During meal times, a constant watch was ensured by 1 observer. GPS positions were obtained every minute using a Garmin GPS (GPSMAP76CSx). The following information regarding observed whale behaviour was noted: travel speed (slow, moderate, fast), resting, feeding, interaction with boat, association with seabirds and other behaviour events such as arching of tailstock and fluking. The group composition (presence of young) was recorded, and group size was estimated (minimum and maximum number of whales). In areas with numerous whales the minimum estimate was based on the number of fluking whales. The presence of any young was defined by comparing their size to that of the larger whales within a group (bowhead whales < 7 m long are regarded as calves and those whales 7−13 m long as sub-adults; Koski et al. 1993) . Photographs were taken with digital cameras (Canon 7D with Canon 70-200 mm f2.8, 7D-mark II with Canon 300 mm lens f2.8 fitted with a 1.4 converter). The relative bearing (using the clock system, where 12 o'clock represents the heading of the bow) and distance to each sighting was estimated by eye. The latter information helped with the exclusion of any re-sightings. Vessel speed was mostly constant (10 knots) and a steady course was kept when transiting through open water.
Data sources and processing
Only observations made by experienced observers or sightings supported by photographic documentation were considered as 'definite records' of bowhead whales. Observations reported by passengers were considered likely to be genuine bowhead whale sightings according to the description details provided and were classified as 'probable records'. If a reported observation was not sufficiently detailed or was unclear, it was characterized as a 'possible record' and not included in any further analysis. In general, bowhead whales were identified by their large size and proportionally large head, dark coloured back, lack of dorsal fin and v-shaped blow. In addition, we assume that there were no North Atlantic right whales Eubalaena glacialis in the area that could be confused with distant bowhead whales.
Effort-related records (definite/probable records) ). Bathymetry data (average seabed depth) were sourced from the General Bathymetric Chart of the Oceans data (GEBCO 2014) at a resolution of 30 arc seconds (1 km) for the wider region of the Greenland Sea. Ice charts were sourced from the Norwegian Meteorological Institute (Norwegian Ice Service 2018).
We employed statistical tests using the statistical package PASW for Windows (SPSS, version 21). To determine whether the whales were concentrating in waters with particular ice categories, a Chi-squared goodness of fit test was used to investigate whether the observed number of whales differed from an expected Poisson distribution. This was also investigated using the abundance index of whales (whales km -1 ) derived for effort-corrected data only (collected in 2018).
RESULTS
During the 2015−2018 cruises, 85 sightings of bowhead whales Balaena mysticetus were made in total (excluding re-sightings but including 6 sightings classed as 'probable'), involving 220−227 individuals. A summary for each cruise year is provided below. On average, the bowhead whales occurred in water depths of 1943 m (SD: 819 m, range: 218−3718 m). Of all sightings, more than half occurred in open water (54.5%), which was more often than expected (χ 2 = 96.78, p < 0.001).
Opportunistic observations (2015−2017)
On 8 June 2015, an unusually large aggregation of an estimated 84 bowhead whales was observed within a relatively small area (32 km 2 ) (Fig. 2) . The whales were in an open water-lead, and several whales were actively skim-feeding at the surface. They alternated their skim-feeding bouts with shallow dives, surfacing again after 2−5 min. Most of the whales were present in open water, near the edge of open drift-ice (see Fig. S1A −C in the Supplement at www. int-res. com/ articles/ suppl/ n039 p051 _ supp. pdf), although several whales were surfacing within driftice. No calves or juveniles were detected with certainty. The following morning, 3 more sightings with bowhead whales oc curred whilst the vessel was transiting through open water to Svalbard. In total, 15 point-counts were carried out on 8 and 9 June 2015, involving 89 whales. The whales were recorded in waters of 1184−3192 m depth. However, during the peak period (22:00−01:00 h local time [UTC + 2 h; LT]), the whales were recorded in waters of 1184−1577 m depth.
In 2016, over a period of 2 d with calm conditions (BSS 2) and good visibility, 9 sightings involving 17 bowhead whales were made in total (Fig. 3) . The whales were recorded in waters of 1196−2956 m depth. On 5 June 2016, 2 bowhead whales were briefly observed in a narrow open water-lead in very close drift-ice without creating obvious blows. Another whale was observed when a large head surfaced amongst ice floes. The next morning, a group of 5 bowhead whales, all believed to be adults, surfaced within an open water-lead at the edge of very close drift-ice. Two more bowhead whales were seen traveling away from the vessel and heading for the pack-ice. About 1 h later, 2 adult bowhead whales were regularly surfacing (up to 18 times over 10 min) within open water but no fluking was observed.
On 5 June 2017, in calm sea conditions (BSS 2) and with good visibility, 7 bowhead whales were observed in total (Fig. 4) . The whales were recorded in waters of 2369−3718 m depth. The first whale was seen in a small open water-lead heading towards drift-ice where hundreds of harp seals Pagophilus groenlandicus were hauled out. A second and a third whale were seen briefly surfacing slowly along the ice-edge. More bowhead whales were observed swimming slowly at the surface and fluking (Fig. S1G) . Another skim-feeding whale was seen swimming slowly with its mouth open Northern fulmars Fulmaris glacialis were associating with the whale, apparently feeding on peeling skin or parasites on the whale's skin, with 1 bird briefly landing on the muscular bulge of the blowholes ( Fig. S1D−E) . A probable bowhead whale was reported by a passenger while the vessel was in transit to Svalbard.
Effort-corrected observations (2018)
On 31 May 2018, the first bowhead whales were reported by passengers (Fig. 5) . The next morning was foggy, and effort-corrected watches did not commence until conditions improved at noon. At 12:15 h (LT), the first bowhead whale was spotted when the vessel reached a stretch of drift-ice. A wide-spread group of at least 4 bowhead whales then surfaced within a large area of open water. Another 8 bowhead whales were observed, including one subadult, when the vessel approached open drift-ice. The vessel spent the next 1.5 h within very open drift-ice, and one additional bowhead whale surfaced between large ice-floes (Fig. S1H) . At least another 9 bowhead whales surfaced right along the ice-edge or just within the open drift-ice in subgroups of 1−5 individuals. The vessel then reached a wide open water-lead and steamed for 1.5 h at a speed of 10 knots. During this period, 43−47 bowhead whales (excluding re-sightings) were recorded in sub-groups of 1−7 individuals. Most whales were traveling, showing distinct V-shaped blows and fluking regularly. Bowhead whales were also seen in very close proximity of drift-ice. Upon leaving the ice, 28−29 bowhead whales were seen in open water, in sub-groups of 1−5 individuals (including 1 subadult). The vessel then reached very open drift-ice, but it was not until the vessel was in open water that the last 2 bowhead whales were recorded. In summary, during the effort-corrected watch (7.5 h), 52 bowhead whale sightings were made in total, involv- ing 104−110 whales. The whales were recorded in waters of 218−2792 m depth. The overall index of abundance of bowhead whales was 0.88−0.93 whales km −1 (7.5 h watch). The highest abundance index for bowhead whales was measured in deep waters, where the bottom slope was relatively steep (Fig. 6) . During those periods when the vessel steamed through open water-leads (average speed of 10.6 knots), the index was 1.08−1.14 whales km 
DISCUSSION
The number of bowhead whales Balaena mysticetus observed during the cruises (85 sightings involving 220−227 bowhead whales), specifically the unusual aggregation observed in 2015 (n = 84 whales) and the high numbers in 2018 (n = 104−110), exceed all previous published observations. No calves were observed, and sub-adult whales were only seen on 2 occasions. Young bowhead whales are rarely encountered in the Fram Strait and Greenland Sea: a young bowhead whale was observed off the Blosseville Coast in East Greenland on 25 June 2008 (Boertmann et al. 2009 ), and a calf was reported during an aerial survey on 26 July 2009, close to the ice-edge in the coastal areas of NE Greenland (Boertmann & Nielsen 2010) .
The largest groups observed in the present survey consisted of 7 and 10 whales, but some of these groups were part of a total of 84 bowhead whales observed within 1 open water-lead on 8 June 2015. Such unusual aggregations were not witnessed in later cruises, although at least 104 bowhead whales were recorded during 7.5 h of transit on 1 June 2018. Only old records from Franz Josef Land include sightings involving such large aggregations, one involving about 66 animals in the winter of 1983 (Belikov et al. 1989 , Moore & Reeves 1993 .
Bowhead whales occurred more often in open water than expected, both in 2018 and overall ; χ 2 = 10.15, p = 0.006). This difference may be explained by the fact that open drift-ice partially limits the view, making it more difficult to detect slowmoving or skim-feeding bowhead whales that do not produce a visible blow. Nevertheless, bowhead whales are known to move from one foraging area to another, sometimes crossing ice-packed areas, where they apparently do not feed (Heide-Jørgensen et al. 2003) . One bowhead whale was seen up to 42 km from the ice-edge (Fig. 2) . A tagged female bowhead tracked by Lydersen et al. (2012) associated mainly with open water, never occurred in areas with ice cover above 65% and was recorded 180 km from the ice-edge. Off Svalbard, bowhead whales occupy areas deep within the pack-ice during winter, as discovered based on acoustic data (Stafford et al. , 2018 . The affiliation between bowhead whales and sea-ice has also been explored off West Greenland: whales in that area preferred high ice cover (> 65%) with thick first-year ice and open water (Ferguson et al. 2010 ). This ice preference was considered to relate to the avoidance of predation by killer whales, which tend to stay away from thick ice (Matthews et al. 2011) . In the present study, some bowhead whales were seen in close drift-ice (70−90% ice cover); however, the majority of whales were observed in open water-leads and adjacent to or within areas of open drift-ice, where they might be more at risk of being attacked by killer whales.
Other studies report bowhead whales in waters ≤300 m depth off East Greenland, where a shallow habitat offers optimal feeding opportunities in August (e.g. Boertmann et al. 2009 Boertmann et al. , 2015 . In the present study, the highest abundance index for bowhead whales was recorded in deep waters (average depth 2000 m), where the bottom slope was relatively steep (calculated from depth values: between 15 and 30°; Fig. 6 ). The whale tracked by Lydersen et al. (2012) also showed a preference to stay over areas with steeply sloping bottom topography. Such bathy- metric features steer upwelling, and the resulting increase in productivity can cause favourable foraging conditions (Miller 2003) . The simultaneous occurrence of drift-ice and steep bathymetric features in the present study may have created optimal feeding conditions for the whales in late May/early June. Indeed, feeding behaviour, most notably skim-feeding, was observed during most cruises. Slow swimming with very little forward-directed movement and shallow dives (which can be indicative of feeding) were also frequently observed. Some whales appeared very sensitive or shy and were traveling away from the vessel in the direction of the nearest drift-ice. Such avoidance behaviour was often accompanied by distinct V-shaped blows and occasional fluking. Whales were also observed swimming just under the surface, leaving a trail of fluke prints whilst heading for the nearest ice. Nonetheless, bowhead whales would occasionally surface right next to the vessel without showing avoidance behaviour. The MV 'Plancius', originally designed for the Royal Netherlands Navy to carry out seismographic surveys, was built with a diesel-electric engine (Stork-Werkspoor Diesel 3x 904 kW) and a low noise-level, submarine-type propeller holding 6 blades (propeller, type 1 lip, 6 blades, clockwise rotation bronze). The ship's low noise levels likely enhanced our chances of observing whales prior to avoidance movements, since ship noise may cause avoidance behaviour: During a recent survey off North Svalbard, using a helicopter and 2 icebreaking ships, 27 bowhead whales were observed from the helicopter, but no observations were made from the vessels (Vacquié-Garcia et al. 2017) .
The number of cruise-vessels operating within the Arctic is steadily increasing, resulting in a growing number of sightings involving Arctic whales. Such sightings are readily reported to online databases, such as http://observation.org or the Svalbard Visitors' Marine Mammal Sightings Database held by the Norwegian Polar Institute (e.g. Vacquié-Garcia et al. 2017) . Although this provides an increasing number of The present study is a first step in filling that gap by supplying effort-corrected data. Cruise-vessels have been shown to be suitable 'Platforms of Opportunity' (POs), whereby the platform is opportunistic, but the research is dedicated (i.e. effort-corrected; Williams 2003 , De Boer 2013 . The main problem of cruisevessels acting as a PO is that their routes are not determined by the research design but are often dependent on navigation or influenced by scenery. Therefore, basic statistical design requirements are not met (Viddi et al. 2010) . However, the collection of data from a cruise-vessel is by far the most affordable way to collect data on cetacean distribution, relative abundance and behaviour (e.g. Evans & Hammond 2004 , De Boer 2013 . PO-based data can also be the only available information about cetaceans in under-recorded areas; these data are particularly important when an abundance index for conservation or management purposes is needed, but no accurate estimates of abundance are available (e.g. De Boer et al. 2016 ). Significant numbers of bowhead whales were also recently reported during 2 aerial surveys in the marginal ice zone north of the Svalbard Archipelago (Vacquie-Garcia et al. 2017) and in the Northeast Water Polynya in northeast Greenland (Boertmann et al. 2015) . These findings together with data from the present study and other sources support the hypothesis that the Svalbard subpopulation of bowhead whales is probably larger than previously thought and that this is not just a result of increased search effort (Gilg & Born 2005 , Boertmann et al. 2009 , Boertmann & Nielsen 2010 , Wiig et al. 2010 , Joiris 2012 , Vacquié-Garcia et al. 2017 . On the other hand, various whale research expeditions (in 2006−2008 and 2010) between east Greenland and Svalbard, as well as a polar bear (Ursus maritimus) survey (in 2004) recorded very few bowhead whales (Wiig et al. 2007 , Aars et al. 2009 , Kovacs et al. 2011 , Lydersen et al. 2012 ). These sparse observations may have been due to a patchy distribution pattern of the bowhead whales but may also have been influenced by the species' tendency to avoid noisy, ice-breaking research vessels. Bowhead whales may have migrated into this area from other subpopulations (Bering-ChukchiBeaufort Seas or East Canada−West Greenland) over the past decade (Boertmann et al. 2015 , Stafford et al. 2018 . Such migrations may have been facilitated by the reduction in sea-ice (e.g. Heide-Jørgensen et al. 2007) . It is unclear how an expanding open-ocean habitat is influencing the migration of bowhead whales, but there are apparent increasing trends in some other baleen whale populations (Moore 2016) . A variable distribution of the species within the Svalbard subpopulation also seems likely, but further studies are needed to confirm the degree of inter-and intraannual variability in bowhead whale distribution (Vacquié-Garcia et al. 2017) .
Global warming and the resulting reductions in seaice extent represent a serious threat to ice-associated species (e.g. Laidre et al. 2015) . In the case of bowhead whales, distributional shifts in tandem with climate variation have been documented in the past. Dyke et al. (1996) demonstrated that the distribution range of bowhead whales expanded and contracted abruptly several times over the last 10 500 yr. Recently, a series of extralimital records of bowhead whales have been reported well outside the Arctic Circle in the North Atlantic (e.g. De Boer et al. 2017) , and these could be early signs of distributional changes taking place. The timing and extent of primary production are strongly related to the patterns of ice-formation in autumn and ice-recession in spring. Extensive ice cover cools the water column during the critical spring period, when zooplankton graze on phytoplankton. By contrast, reduced sea-ice allows solar energy to warm and stratify the water column earlier, resulting in a premature phytoplankton bloom, which disrupts the interaction between phytoplankton and their zooplankton grazers that ascend from depth at specific times of the year (e.g. Hunt et al. 2002 , Hansen et al. 2003 , Bluhm & Gradinger 2008 . Such a mismatch could have a negative influence on bowhead whales simply by less food being available. However, local increases in primary production due to reduced sea-ice cover have surprisingly resulted in improved body condition of bowhead whales in the Beaufort Sea (George et al. 2015) . In the latter study, the improved body condition was correlated with reductions in sea ice and other environmental factors (e.g. upwelling) which favoured an increase in zooplankton grazers. However, it is not known how local changes in ice-extent are going to affect bowhead whales in the Fram Strait, or how successful they will be in finding new feeding grounds due to an expanding open-ocean habitat. Offshore slopes may become increasingly important to bowhead whales within the Fram Strait during spring and early summer. Further studies are necessary to predict the importance of these offshore slopes as spring feeding habitats for bowhead whales and Arctic top predators. Vacquié-Garcia et al. (2017) highlighted the need to develop routine monitoring methods for bowhead whales, given the recent rapid declines in sea-ice within the Arctic. The present study highlights that vessels with a low noise output, such as the MV 'Plancius', can be used as a suitable PO to study ice-associated whales. PO data complement standard survey designs and can help to fill some of the gaps (in terms of space and time) in survey coverage (e.g. Williams et al. 2006 , De Boer 2013 , De Boer et al. 2016 . Furthermore, we encourage all cruise operators to upload their observations to the available online databases (e.g. http://obser vation.org) to help in the collection and documentation of whale sightings. The relatively large numbers of bowhead whales we report here are encouraging and will hopefully help direct future research monitoring programs to enhance our knowledge of the population ecology of the Endangered bowhead whale, ultimate ly contributing to this species' conservation.
